The capability to switch electrically between superconducting and insulating states of matter represents a novel paradigm in the state-of-the-art engineering of correlated electronic systems. An exciting possibility is to turn on superconductivity in a topologically non-trivial insulator, which provides a route to search for non-Abelian topological states. However, existing demonstrations of superconductor-insulator switches have involved only topologically trivial systems, and even those are rare due to the stringent requirement to tune the carrier density over a wide range. Here we report reversible, in-situ electrostatic on/off switching of superconductivity in a recently established quantum spin Hall insulator, namely monolayer tungsten ditelluride (WTe2). Fabricated into a van der Waals field effect transistor, the monolayer's ground state can be continuously gate-tuned from the topological insulating to the superconducting state, with critical temperatures Tc up to ~ 1 Kelvin. The critical density for the onset of superconductivity is estimated to be ~ 5×10 12 cm -2 , among the lowest for two-dimensional (2D) superconductors. Our results establish monolayer WTe2 as a material platform for engineering novel superconducting nanodevices and topological phases of matter.
irreversible or ex situ. The last case and its analogs have recently attracted major efforts toward engineering Majorana physics, which has required fine-tuned interface engineering between distinct materials (12) (13) (14) (15) (16) (17) .
Here we report the observation of intrinsic superconductivity in a monolayer topological insulator, namely WTe2, induced by the electric field effect. This monolayer transition metal dichalcogenide has recently been established as a quantum spin Hall insulator with robust edge transport up to 100 Kelvin (18) (19) (20) (21) (22) (23) . Our field effect device geometry (see Methods) is illustrated in Fig. 1A -B. The WTe2 monolayer flake is van der Waals-encapsulated between two sheets of hexagonal boron nitride (BN) to protect it from chemical degradation and to improve transport characteristics. Top and bottom electrostatic gates, for which the same BN sheets serve as gate dielectrics, are fabricated to modulate the carrier density. An optical microscopy image of a typical device (device 1, BN thicknesses: 15 nm, top; 8 nm, bottom) is shown in Fig. 1B . Figure 1C displays the temperature dependence of the four-probe resistance R(T) in device 1 when the monolayer is n-doped (Vbg = 4V; Vtg = 5V). R drops to zero at low temperatures from 1.2 kΩ in the normal state, and this zero-resistance state is present for a wide range of gate voltage parameters (Fig. 1C inset) . The DC voltage-current (V-I) characteristics at various temperatures are shown in Fig. 1D , exhibiting the transition from Ohmic behavior (red curve) at ~ 1 K to highly nonlinear behavior (black curve) at low temperatures, including the characteristic zero voltage plateau for finite current, typical of superconductivity. This nonlinearity is further captured by the measurement shown in Fig. 1E , where the four-probe differential resistance, dV/dI, is plotted as a function of DC current bias IDC at base temperature. Under application of an out-of-plane magnetic field B, the nonlinear behavior is clearly suppressed (Fig. 1E) , as expected for superconductivity. These observations confirm a superconducting state forming in the monolayer atomic sheet, in contrast to its 3D parent crystal, in which no superconductivity is found unless high pressure is applied (24, 25) . We note that a small shoulder appears around 400 mK in the R(T) curve (Fig.  1C ). While this may be an intrinsic feature of WTe2, it could also be the result of having some inhomogeneous superconducting islands as the temperature is reduced. We then characterize the superconducting transition by quantifying several important temperatures. The onset of superconductivity, defined as the temperature at which R drops to 90% from its normal state, occurs at ~ 820 mK. Zero resistance is achieved at ~ 350 mK. Furthermore, we have also confirmed the 2D nature of the superconductivity by checking that the data fits well with the picture of a 2D Berezinskii-Kosterlitz-Thouless transition, with estimated critical temperature TBKT ~ 470 mK (Fig.  S1 ). For simplicity in our discussion, we define the critical transition temperature Tc as the temperature at which R equals 50% of the normal state value. For the curve in Fig. 1C , Tc ~ 580 mK as indicated. Similar behavior is observed in device 2, in which Tc is found to be as high as ~ 950 mK (Fig. S2, S3 ). Different from device 1, the R(T) characteristic of device 2 fits well with the standard Aslamazov-Larkin and Maki-Thompson fluctuation conductivity terms (26, 27) (Fig.  S1 ).
The observed superconductivity, and hence the monolayer's ground state, is remarkably gate-tunable. We reveal this aspect by plotting R(T) for different Vbg ( Fig. 2A) , there may exist an intrinsic metallic (non-superconducting) phase at zero temperature, but a more detailed study is necessary to confirm this, as the observed behavior near the transition may also be consistent with the formation of both superconducting and non-superconducting regions as a result of density inhomogeneities. In contrast, when Vbg < Vc MIT (i.e. lower electron density), R increases with decreasing T, pointing to an insulating ground state. This insulating behavior is consistent with the expectation for monolayer WTe2 at low density: a topologically non-trivial insulating state exists at low temperatures (20) (21) (22) , and edge state conduction is known to be marginal for the measurement configuration of device 1 (20) . Figure S2 shows a similar transition behavior for device 2. Given that the field effect is applied through a moderate dielectric constant material (κBN ~ 3.5), these observations demonstrate that the ground state of the monolayer is unprecedentedly tunable between the two extremes of electron transport in materials, i.e. from the insulating to the superconducting state. For comparison, existing superconducting systems showing similar field effect behavior are achieved only by extreme charge density doping using ionic liquids (28), ultrahigh-κ dielectric materials such as SrTiO3 (29, 30) , or ferroelectric polarization (31) .
The gate tunability of the superconducting state can be further characterized by the extraction of the critical temperature and measurements of the critical current. In the upper panel of Fig. 2B , we plot the extracted Tc(Vbg), where one finds increasing Tc with increasing Vbg. Extrapolating to Tc = 0 K (red curve, see also Fig. S4 ), we find a critical gate voltage Vc1 ~ -0.65 V. The maximum observed Tc ~ 0.61 K appears at the highest applicable gate voltages for this device. Fig. 2C shows dV/dI vs IDC at Vbg = Vtg = 5 V, where the sharp peak at the critical current |IDC| = Ic and the zero-resistance plateau for low currents demonstrate the expected behavior for superconductivity. The additional peak at |IDC| = Ic' in this data set is consistent with the previously mentioned small shoulder in the R(T) characteristic (Fig. 1C) . The differential resistance is strongly modulated by gate voltage, as shown in Fig. 2D . The peaks at ±Ic monotonically shift towards zero bias with decreasing Vbg and eventually merge into a single peak at zero bias in the insulating region. This modulation of Ic is summarized in the lower panel of Fig. 2B , where we find that the critical gate voltage Vc2, at which Ic vanishes, falls in the range between -0.6 V and -0.8 V.
Therefore, one finds that Vc1, Vc2, and Vc MIT are very close to each other, which identifies the critical gate voltage as Vbg = Vc ~ -0.7 V (when Vtg = 5 V), above which superconductivity is exhibited. Using the capacitance model, we estimate the corresponding critical doping density as nc ~ 5×10 12 cm -2 . Hall effect measurements confirm a low absolute carrier density in the superconducting region which is consistent with the density estimates from the electrostatic capacitance model (Fig. 2E-F and details in Fig. S5 ). The visible deviation appearing at lower doping in the plot may be related to inhomogeneous transport in the monolayer (e.g. the presence of conducting edge channels), which can introduce a minor factor to the measured Hall density. A similar critical density (~ 3×10 12 cm -2 ) is found in device 2. These are among the lowest critical density values reported for 2D superconductors (32) . Such low-density superconductivity in monolayer WTe2 is the key to its extreme gate tunability. We also note that the maximum Tc obtained here (~0.6 K for device 1 and ~1 K for device 2, at carrier density n2D ~ 1.8×10 13 cm -2 ) is relatively high, compared to other 2D superconductors with similar density (30, 32) .
The preliminary low temperature electronic phase diagram of monolayer WTe2 can now be summarized, as shown in Fig. 3A . Near zero charge density resides the quantum spin Hall insulator (QSHI) phase, robust up to 100 K (23). With n-type doping above the critical density, nc, the superconducting ground state develops at temperatures below Tc (superconductivity was not observed with p-type doping in the gate-accessible region). Above Tc, the system is metallic. The coexistence of QSHI and superconducting states in the same phase diagram establishes monolayer WTe2 as a unique material for observing physics at the intersection of topological insulating states and superconductivity. In Fig. 3B , we show data from device 2, in which superconductivity and the quantized QSH transport are observed in the same monolayer device. The helical edge transport in the QSHI phase in this device was characterized in detail in our previous report (23) . Its superconducting behavior is characterized in Fig. S3 . These results therefore demonstrate the electrostatic field effect switching of superconductivity on and off in a QSHI system. Moreover, in the same device we also observed preliminary evidence that superconductivity can be introduced into the helical edge states by proximity effect via adjacent gate-induced superconducting regions (see details in Fig. S6 ). In principle, such proximity-induced superconducting helical edge states can be used to construct devices hosting Majorana zero modes to study non-Abelian physics.
We further characterize the gate-tunable superconducting properties by examining magnetic field dependence. As shown Fig. 4A , one finds an out-of-plane critical field at base temperature Bc2,⊥ ~ 30 mT (for Vtg = Vbg = 5 V), at which half of the normal state resistance is recovered. The temperature and gate dependence of this critical field is summarized in Fig. S7 , which indicates that the Ginzburg-Landau coherence length is close to 100 nm. This length is about an order of magnitude larger than the estimated transport mean free path (Fig. S4) , suggesting that the superconductivity is in the dirty limit. In contrast to the out-of-plane critical field, the in-plane critical field Bc2, // is significantly larger: about 4.3 T is required to recover half the normal state resistance, as shown in Fig. 4B . This field is about 4 times the conventional Pauli paramagnetic limit, which is given by 1.84Tc ~ 1.1 T. We summarize the Bc2 -Tc phase diagram for both the inplane and out-of-plane cases in Fig. 4C . We note that the crystal symmetry and band structure of monolayer WTe2 are very different from the 2H-type transition metal dichalcogenides, in which Ising-type superconductivity is responsible for exceeding the Pauli limit (32) . Other possible mechanisms for exceeding the Pauli limit include reduced electron g-factor, spin-triplet pairing, or strong spin-orbit scattering (33, 34) . The superconductivity in the dirty limit is consistent with the spin-orbit scattering scenario (33, 34) , in which we extract a spin-orbit scattering time ~ 244 fs (see fit in Fig. 4 and details in the supplementary materials). However, we stress that our observations merit further study to understand the nature of the superconductivity and the exact mechanism for the large in-plane critical field in the WTe2 monolayer.
We comment now on several interesting directions to explore. One is to look for an optimal doping, e.g. to determine whether a superconducting dome exists in the phase diagram (24, 30, 35) . Another is to investigate the effects of the material's strong anisotropy (36) and tunable noncentrosymmetry (18, 37) on the superconductivity. A particularly interesting question is whether the observed superconductivity is topologically non-trivial. Although we currently do not have an answer, our results point to an exciting possibility of creating a 2D-crystal based topological superconductor using the proximity effect. Indeed, using local gates to achieve lateral modulation of superconducting and QSHI regions would enable the fabrication of tunable superconductor-QSHI-superconductor topological Josephson junctions (Fig. S6 ) and the investigation of Majorana modes in a single material. In addition, van der Waals heterostructures which interface monolayer WTe2 with materials such as the recently discovered 2D layered ferromagnets (38, 39) can be developed for studying the interplay between superconductivity, magnetism, and topology.
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Device Fabrication
The WTe2 bulk crystals were grown as described in a previous work (1). The electrostatic gates and contacts are fabricated prior to the exfoliation of WTe2 utilizing standard electron beam lithography and metal vapor deposition techniques. The exfoliation and encapsulation of WTe2 monolayers is accomplished in an argon atmosphere glove box to avoid degradation. Details of such a pre-contact fabrication procedure were described in Ref (2) .
Electrical Measurements
Device 1 was cooled in a dilution fridge equipped with electronic filters, described in a previous work (3) , to obtain an electron temperature of ~ 100 mK. Device 2 was measured in a 3 He fridge with base temperature ~ 300 mK. Transport measurements are conducted with a lock-in technique with low-frequency (between 5 and 17 Hz) AC current excitation (~ 1 nA).
Supplementary Text
Temperature Dependence Analysis
In Fig. S1 we inspect temperature dependent resistance R(T) for device 1 and 2 with a representative gate voltage configuration (the same data in main text; , which is often used to describe the superconducting transition above Tc in the dirty limit. The analysis of mean free path and the coherence length can be found below (Figs. S4 and S7 ). While this model indeed fits to our data taken from device 2 at the high temperature side (with extracted mean-field transition temperature ~ 0.79 K), it fails to capture the data taken from device 1. We point out that existing models also fail to capture the observed superconductivity in other monolayer systems, such as NbSe2 and TaS2 (8, 9) . We hope that these observations can stimulate research to better characterize the superconducting transition of crystalline monolayer superconductors.
In Fig. S1C-D we perform Berezinskii-Kosterlitz-Thouless (BKT) analysis for device 1. The nonlinear V-I curves (inset in Fig. S1C , the same data as Fig. 1D ) can be characterized by a powerlaw dependence V4p ∝ near the critical current Ic, where α is the exponent. α increases rapidly from unity at high temperature (near 1 K) as temperature is lowered. The BKT transition temperature, at which α = 3, is TBKT = 470 mK. According to BKT theory, below this critical temperature, the resistance should evolve as: ln(R'(T)/R0) = -C (T/TBKT -1) -1/2 , where C and R0 are constants. Fig. S1D plots the measured resistance from Fig. S1B (with an offset to compensate for the small shoulder, R' = R -250 Ω; R0 = Rn, the normal state resistance) in log scale as a function of the reduced temperature (T/TBKT -1) -1/2 , which shows the expected exponential behavior. Therefore, this data is consistent with BKT transition for 2D superconductors.
Gate dependence data in device 2
The gate dependent behavior of the observed superconductivity in device 2 is shown in Fig. S2 . Like the situation in device 1 (Fig. 2 in the main text) , here we observe a continuous, reversible tuning from superconducting state all the way to the (topological) insulating state. The transition temperature in this device approaches 1 K, which is higher than in device 1. This same device was previously investigated in the QSHI regime and exhibited helical edge transport (2), which confirms that superconductivity and QSHI can be observed in the same device. Moreover, different regions can be locally tuned into the QSHI and superconducting regimes to form a lateral junction for engineering proximity-induced superconducting helical edge states (see below and Fig. S6 ).
Details of superconductivity in device 2
In Fig. S3 we describe the observed superconductivity in device 2. Fig. S3A illustrates the device design, the details of which are reported in Ref. (2) . The device was measured in a 3 He fridge with base temperature of 0.3 K. At base temperature and finite electron doping, superconductivity is observed in the region where the large portion of the monolayer WTe2 is fully encapsulated by BN, i.e., from the left-side contacts across the device to the right-side contacts. In contrast, no signature of superconductivity is found in the left sides or right sides separately, where the bottom face of WTe2 is not protected by BN due to suspension by contacts (half encapsulation). The situation is summarized in Fig. S3 B, C, and D (at Vtg = 4 V). We note that for the data shown in Fig. S3C , there is also a portion of WTe2 between the contacts that is half encapsulated, due to suspension by the inner-most contacts. As a result, we do not observe zero resistance in this device since the half-encapsulated regions always contribute a finite resistance. In Fig. S3 E and F, we characterize the superconductivity by measuring the differential resistance as a function of applied DC current and perpendicular magnetic field at base temperature, which shows behavior similar to Device 1.
Relation between Tc and Rn and the extrapolation of critical gate voltage Figure S4 shows the relation between Tc and Rn for device 1, which is much less non-linear than the relationship between Tc and Vbg. Also shown are fits to a phenomenological cubic relationship between Tc and Rn (red) and a linear relationship for low Tc (blue). Because we can measure Rn for a range of gate voltages extending beyond the range at which Tc is measurable, we can extrapolate Tc based on these fits, as shown. While the extended cubic fit is used in Fig. 2B of the main text, we note that the linear (blue) and cubic (red) fittings yield similar critical gate voltages, as indicated in the figure.
Estimation of mean free path
The mean free path can be estimated based on knowledge of the carrier density 2 , total band degeneracy , and conductivity: = (an isotropic system is assumed here for simplicity), where is assumed to be 4 counting for both spin and valley. We use finite element analysis to estimate the geometry factor of 0.47 to convert the measured conductance (see next section) to the conductivity (this is equivalent to a length-to-width ratio for a Hall bar geometry). The Fermi wavevector is given by = √4 2 / . As a result, we find is several nanometers for all gate voltages, as shown in the inset to Fig. S4 .
Estimation of electron doping density
We first estimate the carrier density in the monolayer based on an electrostatic capacitance model. The density is = 0 ( + ), where 0 is the vacuum permittivity, ~ 3.5 is the relative dielectric constant of thin BN, e is the electron charge, and dt (db) is the thickness of the top (bottom) BN. For device 1 the BN thicknesses are dt = 15 nm and db = 8 nm, and for device 2 they are dt = 9 nm and db =13 nm. The critical gate voltage for superconductivity in device 1 is Vbg ~ -0.7 V at Vtg = 5 V, which results in nc ~ 4.7×10 12 cm -2 . The critical density is ~ 3×10 12 cm -2 for device 2.
We also performed Hall measurements on Device 1 (Fig. S5A) for the measurement configuration shown in Fig. S5B . Due to the irregular shape of the monolayer and the closely spaced contacts, a geometric factor needs to be considered for extracting the true Hall density. We performed numerical simulations with COMSOL Multiphysics (see Fig. S5B for the simulated device configuration) and obtain the geometry factor ~ 2, which is accounted for in the antisymmetrized data in Fig. S5C as our extraction of the Hall resistivity . The accuracy of the simulation is independently checked by looking at the mixing of the Vxy and Vxx signals at zero magnetic field: the experimentally measured ratio Vxy/Vxx ranges between -0.8 and -1.0 for nearly the entire range of accessible gate voltages, which agrees well with the simulated value of -0.9 (Fig. S5D) . The Hall density, after considering the geometry factor, as a function of gate voltage is presented in Fig. S5E (same as in Fig. 2F ), which, in the highly doped regime, exhibits good agreement with the capacitance model discussed above. The deviation appearing in the lower doping region may be related to inhomogeneous transport in the monolayer (e.g. the presence of conducting edge channels), which can cause the measured Hall effect density to be less accurate.
We also note that the device exhibits an ambipolar field effect characteristic centered near zero gate voltage (Fig. S5F ). This suggests that monolayer WTe2 is undoped at zero gate voltage and that the gate introduces electron-type or hole-type doping dependent on its sign. The situation is very similar to graphene (a 2D material with semi-metallic behavior and ambipolar gate dependence), in which systematic investigations confirm that the capacitance model agrees with the true density.
Proximity induced superconducting helical edge state in device 2
In Fig. S6 , we describe preliminary experimental evidence for a proximity effect in the helical edge mode, realized in one of our reported devices (Device 2). Such proximity-induced superconducting helical edge modes, if confirmed, would constitute the long-sought 1D time-reversal invariant topological superconductor and naturally host Majorana modes. Our Device 2 can already realize this interesting situation by combining the top and bottom gates (Fig. S3A) . We first set the top gate voltage at a high value (3.5V) and then use one of the local bottom gates to deplete the carriers in the middle of the flake with a length ~ 100nm. Total differential resistance of the monolayer flake as a function of source to drain bias and the selected local bottom gate is shown in Fig. S6A . The monolayer is highly doped so that it will become superconducting at low temperature, except in the locally depleted region, where the QSH insulating state exists. The two situations (entirely doped flake vs doped-QSH insulator-doped junctions in monolayer) are illustrated by the cartoon pictures. The data was taken at 300 mK. The line cuts indicated by the arrows in Fig. S6A are shown as the inset of Fig. S6B , where the bottom gate is set to 2V (yellow), -5.8V (red) and -6.8V (blue). The red and blue curves have higher resistance due to the presence of the QSH insulating region and their differences with the yellow curve measure the resistance of the QSH edge channel (see details in Ref. (2)), which is plotted as the main panel in Fig. S6B . At high DC bias, the superconducting state is lost, and the measured edge state resistance is a bit higher than the ideal value of h/2e 2 for two parallel edges, which is normal for a QSH state (2, 10) . However, at zero bias, where the superconductivity in the doped region is formed, the edge channel yields clearly a resistance that is smaller than the expected quantized value of h/e 2 per edge, which is never observed when the contact to the QSH edge is a normal-state metal (2, 10) . This is clear evidence that the superconducting proximity effect to the helical edge mode of the QSH state can be accomplished by a lateral junction within the monolayer. Efforts can now be directed to optimize the device structure and the measurement scheme to realize proximity induced topological superconductivity in the helical edge states and explore the physics of Majorana modes.
Perpendicular magnetic field effect and coherence length
The superconducting transition under perpendicular magnetic field has strong gate dependence, as shown in Fig. S7A , where the transition becomes sharper and slightly shifted towards lower field at higher doping. The contour corresponding to Bc2,⊥ (defined here by R/RN = 0.5) is marked in the R(B, Vbg) color map (Fig. S7B) . Our data suggests that the critical field and critical temperature may have opposite gate dependence. The temperature dependence of Bc2,⊥ is summarized in Fig.  S7C . At fixed Vbg, the data is well captured by the 2D Ginzburg-Landau theory which predicts Bc2,⊥(T) = Φ0/[2πξGL (0) 2 ] [1-T/Tc(0)], where Φ0 is the magnetic flux quantum, Tc(0) is the transition temperature at zero field, and ξGL(0) is the coherence length at zero temperature assuming in-plane isotropy. Figure S7D plots the extracted ξGL(0), which suggests that its value may slightly increase with increasing Vbg, reaching ~ 90 nm at 5 V. That the coherence length increases despite increasing Tc is indicative of higher Fermi velocity at higher density.
Fitting procedure for parallel critical field vs temperature
In the main text, we have reported that the parallel critical magnetic field Bc2,// exceeds the Pauli limit significantly. While the exact mechanism for this to happen is yet determined, here we fit the experimental data with an existing model considering spin-orbit scattering from impurities. The relationship between critical temperature and magnetic pair breaking is given by
where is the pair breaking parameter that depends on the applied magnetic field (11, 12) . The enhancement of the parallel critical field compared to the Pauli limit may come from spin-orbit scattering, in which case we have
where is a spin-orbit scattering time, here is the electronic g-factor, and is the Bohr magneton (11, 12) . This is valid when ℏ −1 ≫ Bc2,//. By fitting the extracted Tc and Bc2,// to the above relationships (data and fit are shown in Fig. 4C of the main text) , we obtain = 244 for Vbg = Vtg = 5V. This gives ℏ −1 ≈ 2.7 ≈ 5 2,∥ (assuming = 2 ), which is consistent with the use of this expression. Total differential resistance of the monolayer flake as a function of source to drain bias and a selected local bottom gate (with 100 nm width, device details described in Fig. S3 ). The monolayer is highly doped by a global top gate (3.5V) so that it will become superconducting at low temperature. The local bottom gate is used to deplete the carrier density in a short region (~100 nm in length) so that the QSH insulating state exists in that region. The two situations (entirely doped flake vs doped-QSH insulator-doped junctions in monolayer) are illustrated by the cartoon pictures. The data is taken at 300 mK. (B) Inset: the line cuts indicated by the arrows in A, where the local bottom gate is set to 2V (yellow), -5.8V (orange) and -6.8V (blue). The differences between the orange/blue curves and the yellow curve is plotted as the main panel in B, which measures the edge channel resistance. The cartoon pictures indicate the realized configurations in the monolayer flake. 
